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LOW-STRAIN-HARDENING DUCTILE-STEEL COLD-FORMED MEMBERS 
J. N. Macadaml, R. ~. Brockenbrough2 , R. ~. LaBoube 3 , 
T. Pekoz , and E. J. Schneider 
Abstract 
A high-yield-strength carbon steel with reasonable 
elongation but very low strain-hardening capacity has been 
developed for building purlins. The steel is produced by hot 
rolling followed by a light cold rolling to improve surface 
texture and flatness and to obtain the desired minimum yield 
strength. To evaluate the characteristics of cold-formed members 
manufactured from this low-strain-hardening ductile (LSHD) steel, 
an investigation was made by an ad hoc group of the AISI Advisory 
Group on the Specification for the Design of Cold-Formed 
Structural Members. Coupon tests were conducted to characterize 
the material, including the determination of total, local, and 
uniform elongation. Beam tests were conducted to investigate 
effective widths, inelastic bending, and lateral buckling; column 
tests were conducted to investigate the behavior of stub and 
intermediate length compression members. 
Qualitatively, the structural response was typical of 
that for ductile materials, characterized by typical local 
buckling patterns, gradual yielding, gradual descending portion 
of load-deflection curves, and no fracture. Maximum loads in 
flexural tests showed reasonable correlation with predictions 
based on the 1986 AISI Specification. Stub column results showed 
satisfactory agreement when based on the compressive yield 
strength of this material (about 85 percent of the tensile yield 
strength). Intermediate-length column results were significantly 
less than predicted, but this has been encountered in similar 
tests on traditional steels. 
As a result of this work, it was concluded that the 
ductility requirements in the Specification should be amended to 
permit the use of LSHD steel, but that its application be limited 
to use as flexural members. 
~J. N. Macadam, Armco Inc., Middletown, OH 
3R. L. Brockenbrough, USS Division, USX Corp., Monroeville, PA 
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A high-yield-strength carbon steel that has reasonable 
elongation but very low strain-hardening capacity has been 
developed for building purlins. Based on previous research 
(Dhalla & Winter 1974-2), the Specification (AISI 1986) requires 
that the ratio of the tensile strength to the yield point (Fu/Fy) 
be not less than 1.08, and that the total elongation in a 
two-inch gage length be not less than 10 percent. However, the 
new low-strain-hardening ductile (LSHD) steel has an Fu/Fy ratio 
which can approach 1.00. Therefore, to reexamine the need for 
the 1.08 limit and evaluate the characteristics of cold-formed 
members manufactured from LSHD steel, an investigation was made 
by an ad hoc group of the AISI Advisory Group on the 
Specification for the Design of Cold-Formed Structural Members. 
Coupon tests were conducted to characterize the 
material, including the determination of total, local, and 
uniform elongation. Previous research (Dhalla & Winter 1974-1) 
had suggested that local ductility (measured by elongation across 
the fracture zone of the tensile coupon) is needed for local 
plastification to mitigate stress concentrations, while uniform 
ductility (measured by the elongation outside the fracture zone) 
is needed for more general plastification such as to allow the 
structure to adapt to overloads or settlement. It was concluded 
from that work that adequate ductility would be provided if the 
steel had a local elongation of 20 percent in a 1/2 inch gage 
length, and a uniform elongation of 3 percent. It was also 
concluded from that work that the Fu/Fy ratio should be at least 
1.05, but that value was apparently selected as a means of 
assuring that the 3 percent uniform elongation was obtained. 
Structural tests were conducted to determine the effect 
of the low strain hardening on the behavior of members. This 
included beam tests to investigate effective widths, inelastic 
bending, and lateral buckling, as well as column tests to 
investigate the behavior of stub and intermediate length 
compression members. Previous research (Dhalla, Errera & Winter 
1971) on the behavior of connections in steels with little strain 
hardening was also reviewed. 
This work was the result of a group effort. The 
material for the tests was produced by USS. Armco Research 
performed some additional cold-reduction, fabricated the test 
specimens, and conducted coupon tests. The structural tests were 
conducted at Cornell University by the ad hoc group. Butler 
Manufacturing conducted some of the coupon tests and made 
supplementary structural tests on production samples. 
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MATERIAL INVESTIGATED 
The steel investigated was produced by hot rolling 
followed by a light cold rolling to improve surface texture and 
flatness and to obtain the desired minimum yield strength. It is 
typically produced to a minimum yield strength of either 50 or 55 
ksi in a thickness range from 0.054 to 0.100 inch. Two lots of 
LSHD steel were included in the study. The original material 
(0.101 inch thick) had a tensile-to-yield strength ratio (Fu/Fy) 
of 1.04. Because tensile test surveys had shown that this ratio 
may approach 1.00, half of the original material was subsequently 
temper rolled 5 percent (0.096 inch thick) in the laboratory of 
Armco to reduce this ratio. Hereafter, O-steel and R-steel will 
be used to designate the original and the further reduced 
material. 
Test specimens of both steels were fabricated by 
press-braking followed by resistance spot welding to make 
built-up sections. This resulted in relatively sharp corners of 
approximately I-T radius instead of the typical 2 to 2.5-T radius 
found in production forming. Thus, fine longitudinal cracks were 
observed on the outside surface of the corners in both steels. 
Such cracks are not observed in production forming. 
COUPON TESTS 
Coupon tests were made to determine standard 
longitudinal tensile properties and to determine the local and 
total elongation values using two procedures (Dhalla and Winter 
1974): the "recommended procedure" (3-inch gage length) and the 
"alternate suggested procedure" (2-inch gage length). Tensile 
properties were measured in the transverse direction to 
investigate anisotropy. Also, to evaluate the column tests, the 
compressive yield strength was determined using a special jig to 
prevent buckling of the 2-inch gage length flat specimen. 
Table 1 summarizes the mechanical property results. 
There was good agreement between the results obtained by the two 
procedures, although neither lend themselves to routine testing. 
The "suggested procedure" requires a non-standard specimen and 
special measurements; the alternate uses a standard specimen but 
measuring uniform strain at ultimate load is somewhat uncertain. 
As shown, the O-steel had an Fu/Fy ratio of about 1.04 and a 
uniform elongation of 6 to 4 percent; the R-steel had an Fu/Fy 
ratio of about 1.02 to 1.01 and a uniform elongation of 2.7 to 
0.8 percent. The total elongation was 15 percent for the O-steel 
and 9 or 10 percent for the R-steel. Thus, the R-steel is at or 
below the lower limit of elongation values contemplated for the 
LSHD steel. The transverse tensile properties did not show any 
significant anisotropy. However, the yield strength in 
compression was 0.85 (O-steel) and 0.81 (R-steel) times that in 
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tension. This is attributed to the Bauschinger effect due to 
cold-rolling with line tension. Typical stress-strain curves for 
2-inch gage length specimens in both tension and compression are 
shown in Figure 1 for both steels. Note that, although there is 
little strain hardening in tension, there is considerable strain 
hardening in compression. 
STRUCTURAL TESTS CONDUCTED 
Figure 2 shows the cross sections of the members 
evaluated in the structural tests. Table 2 gives information on 
the effectiveness of these sections as calculated by the 
Specification provisions. The tests conducted and the purpose of 
each was as follows. 
Effective Width Tests 
Simple beam tests were conducted to determine if the 
moment capacity of the sections could be predicted from the 
equations for effective width of stiffened and unstiffened 
compression elements (Figures 2A and 28). Since the stress 
distribution across locally buckled elements is nonlinear and 
capacity is determined by yielding, the determination of the 
effect of the low strain hardening on the propagation of yielding 
across elements was important. 
Inelastic Reserve Strength Tests 
Inelastic reserve strength was investigated for both a 
simple span and a continuous span. The section selected (Figure 
2C) had a plastic shape factor of 1.35. The Specification 
considers redistribution of stresses in compact sections (Section 
C3.l.lb) but not the redistribution of moments along the span. 
Thus, the continuous beam test was of an exploratory nature. 
Lateral Buckling Tests 
The inelastic lateral buckling formulas of the 
Specification implicitly assume some strain hardening and 
inelastic reserve strength. Therefore, an I-section (Figure lD) 
was tested in a simple beam set-up using two unbraced span 
lengths, a short one to allow the section to reach yield strength 
and a longer one to reach about 2/3 the yield strength. 
Column Tests 
Box sections for both stub and intermediate length 
columns were fabricated by joining hat sections (Figure 2E). 
These tests were needed to characterize the effect of low strain 
hardening on column behavior. 
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STRUCTURAL TEST SET-UPS AND RESULTS 
Simple Beam Effective Width Tests 
Test Set-up. The specimens were placed on supports on 
the bed of a universal testing machine and loaded with 
concentrated loads at one-third points through a spreader beam. 
As indicated in Figure 3, the span length was 60 inches for the 
stiffened element specimens and 42 inches for the unstiffened 
element specimen. At the reactions, the specimens rested on 
steel plates arranged so that one was on a pinned support and the 
other on a roller. The arrangement for the load points (spreader 
beam reactions) was similar with the steel plates bearing 
directly on the top flange. Except for the relatively shallow 
specimens (RBI, RB2, BBl, and BB2), steel plates slightly less 
than the specimen height were C-clamped to the beam webs at the 
reactions and load points in an attempt to eliminate web buckling 
from the tests. Deflections were measured by dial gages at 
midspan. The loads were applied incrementally, and the 
deflections allowed to stabilize before taking final readings. 
Stiffened Element Specimens. Load-deflection curves for 
the four specimens with stiffened-element compression flanges are 
shown in Figures 4 and 5. Two specimens were of the O-steel (BBI 
and BB2) and two of the R-steel (RBI and RB2). These specimens 
all behaved in a similar manner, with deflections increasing 
linearly until a load of about 2000 pounds, and increasing 
non-linearly thereafter. The development of local buckling in 
the midspan region of the compression flange was also observed to 
initiate at about this load level. The ultimate loads achieved 
were repeatable for both the O-steel (2710 and 2760 pounds) and 
the R-steel (2610 and 2560 pounds). In each test, the load 
decreased from maximum in a gradual manner as further 
displacements were imposed until the test was discontinued; there 
was no abrupt unloading. Final failure appeared to be triggered 
by local web buckling under the inboard edge of the pinned 
loading block. 
Unstiffened Element Specimens. The load-deflection curve 
for the single speCImen with unstiffened-element compression 
flanges, which was of the O-steel (BD2), is shown in Figure 6. 
Deflections increased linearly until a load of about 13,000 
pounds and non-linearly thereafter. Significant local buckling 
of one of the compression flanges was observed at about 15,000 
pounds. The specimen reached an ultimate load of 16,600 pounds 
with the load decreasing gradually when further displacements 
were imposed. Inspection after the test showed that the failure 
mode was lateral buckling between the load points. 
Simple Beam Inelastic Bending Tests 
The test set-up was similar to that described above, 
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Figure 3, with a span length of 60 inches. Figure 7 shows the 
load-deflection curves for the two specimens tested, one of the 
O-steel (BE2) and one of R-steel (REI). The specimens responded 
linearly until a load of about 3000 pounds and progressively 
non-linearly at higher loads. Near ultimate load, deflections 
increased rapidly with little increase in load. The two 
specimens reached ultimate loads of 5120 and 5370 pounds, 
respectively, with the loads decreasing gradually when further 
displacements were imposed. 
Continuous Beam Moment Redistribution Test 
Test Set-up. Each specimen was placed on the bed of the 
universal testing machine with a three-span continuous 
arrangement having spans of 8, 44, and 8 inches (60 inch total) 
as shown in Figure 8. A pair of symmetrical loads, 28 inches 
apart, was applied through a centrally located spreader beam. 
One pair of end supports and one of the load points were on 
rollers, while all others were pinned, with the outermost 
supports arranged to resist uplift. Other details were similar 
to the previous tests, with steel plates C-clamped to the beam 
webs at the reactions and load points in an attempt to eliminate 
web buckling from the tests. 
Results. Plots of the center deflection versus total 
load are given in Figure 9 for the specimen of O-steel (BEl) and 
R-steel (RE2). The response of both specimens was characterized 
by two linear curves, with one slope up to a load of about 18,000 
pounds, and an increased slope at higher loads. Both specimens 
reached an ultimate load of 22,100 pounds. Specimen RE2 failed 
by web crippling at an interior support where the clamped-on web 
stiffener was about 1/4 inch less than the web depth; the web 
crippling appeared to trigger spot weld failures at that point. 
However, local buckling was also noted across the compression 
flange at the nearest load point. A deeper stiffener was used 
for specimen BEl and only the local buckling at the load point 
was noted. For both specimens, it was not possible to increase 
deflections beyond maximum load because the free ends of the 
spreader beam began to make contact with the specimen. 
Simple Beam Lateral Buckling Tests 
Test Set-up. Each specimen for these tests, Figure 10, 
was comprised of two I-sections (joined pairs of cold-formed 
channels) on a span length of 42 inches. Wooden 2X4 spacers of 
specimen height were used at the load points and at the 
reactions, all held together by C-clamps. The spacers were 
nailed together in pairs to keep the sections about 3 inches 
apart, and positioned so that the clear laterally unbraced 
distance, which coincided with the load point spacing, was either 
26 or 13 inches. The arrangement of pins, rollers, etc was the 
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same as for the previous tests. 
Results. Load-deflection curves are shown in Figures 11 
and 12, respectively, for the test with 26 inches unbraced and 
with 13 inches unbraced. The O-steel was used for the first test 
(BCl/BC2) and the R-steel for the second (RCl/RC2). The behavior 
was linear for about 75 percent of the load range and then 
deflections increased more rapidly. Slight lateral buckling 
between the load points was observed just before reaching maximum 
load at 36,300 pounds for the first test and 23,100 pounds for 
the second. Loading was not continued past maximum because it 
was judged that the system was too likely to become unstable and 
dump the unsecured spreader beam. Inspection after the test 
showed a distinct, classical lateral buckling pattern between the 
load points. 
Column Tests 
Test Set-up. Stub columns and intermediate-length 
columns were tested in a universal machine as illustrated in 
Figure 13. The specimens had square-cut ends but were not 
machined. The specimens ends bore on steel plates with a layer 
of grout to achieve uniform bearing. The intermediate-length 
columns (48 inches long) were placed in end fixtures to effect 
knife-edge conditions, with a total column length about 2 inches 
longer than the specimen. Alignment of specimens was limited to 
simply measuring to assure that they were centrally located in 
the machine. Deflections were only measured for the 
intermediate length columns, and these were lateral deflections 
with a dial gage at either edge at midheight. Loads were applied 
slowly, continuously for the stub columns, and incrementally 
(5000 pounds) for the intermediate-length columns. 
Stub Columns. The ultimate load for the specimen of the 
O-steel material (B2) was 76,000 pounds and for the R-steel (Rl) 
was 80,200 pounds. Local buckling patterns were observed in the 
broad faces of the specimen at about 95 percent of those values. 
Intermediate-length Columns. Figure 14 shows plots of 
the load versus lateral deflection for each of two specimens, one 
of O-steel (Bl) and one of R-steel (R2). Specimen Bl deflected 
laterally from the initial load and at increasing rates as 
loading progressed, but reversed this direction as it finally 
buckled in the first mode. Specimen R2, which was aligned more 
carefully, showed no lateral deflection until the load reached 
about 75 percent of ultimate, and did not reverse direction as it 
buckled in the first mode. However, the ultimate loads differed 
little,reaching 47,000 and 46,000 pounds, respectively. Local 
buckling patterns were observed in the broad faces of the 
specimen at about 90 percent of those values. 
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EVALUATION OF STRUCTURAL TESTS 
Table 3 shows how the test results compare with the 
values predicted by the Specification. The Specification values 
were calculated for the actual dimensions and yield strength, in 
both tension and compression, bearing in mind that only the 
tensile yield strength will usually be available. Computer 
programs were developed to calculate the section properties and 
make the correlations. 
The comparisons for the simple beam tests of sections 
with stiffened and unstiffened flanges show that the effective 
width provisions lead to a very good prediction of ultimate 
moment based on first yielding using the tensile yield strength. 
The ratio of test to calculated moment averaged 1.01 for the 
three tests. 
The comparison also shows that the lateral buckling 
strength can be predicted by the Specification equations using 
the tensile yield strength in the calculations, although the 
prediction is rather conservative for the longer unbraced length. 
For the a-steel specimen, the unbraced length was 26 inches, 
which gave a calculated critical moment 0.67 times the calculated 
yield moment; for the R-steel specimen, it was 13 inches and 
0.99. The ratio of test to calculated moment was 1.32 for the 
first case and 0.98 for the second. 
Regarding the simple beam inelastic bending tests, 
subject to certain limitations, the Specification provides for 
the calculation of nominal moment strength based on partial 
plastification of the cross section with a strain in the 
compression flange of up to three times the yield strain 
(Cy=3.0). Calculations showed that, based on Cy=3.0, and using 
the tensile yield strength for both the tension and the 
compression elements, the ratio of the ultimate test moment to 
the calculated ultimate moment is 0.92; if the tensile yielq 
strength is used for tension elements and the compressive yield 
strength is used for compression elements, the ratio is 1.15. 
These values are for the a-steel; results for the R steel would 
be similar. No detailed analysis was made of the continuous beam 
inelastic bending tests because the Specification does not 
include provisions for this condition. 
If the compressive yield point is used, the stub column 
results are predicted very closely. However, the results for the 
intermediate length columns are predicted unconservatively. The 
high predicted values are similar to those found in tests on 
steels with traditional strain hardening. 
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The fine longitudinal cracks in the outside surface 
caused by forming to a sharp radius did not have any apparent 
effect on the test results. No crack extension was observed. 
SUPPLEMENTARY BENDING TESTS 
Tests were conducted on roof assemblies with roll-formed 
Z-shaped purlins of both LSHD steel (mean Fu/Fy = 1.02) and 
traditional steel (mean Fu/Fy = 1.33) in two earlier test series. 
In these tests, the purlins were supported on a 25-foot simple 
span and subjected to a uniform load simulated with a vacuum 
chamber. Comparisons can be made for 8.0- and 9.5-inch-deep 
purlins in a thickness range of 0.060 to 0.077 inch. The 
results, Table 4, were similar for the purlins of LSHD and 
traditional steel, with the mean ratio of test moment to that 
calculated by the Specification equaling 0.91 and 0.92, 
respectively. The data for the traditional steels in these 
unpublished tests were included in that used in developing the 
Specification (Pekoz, 1987). 
CONNECTIONS 
The steel ductility needed for connections was 
investigated in detail at Cornell several years ago (Dhalla, 
Errera & Winter 1971). In that work a total of 59 single bolt 
connection tests were conducted on three low ductility steels 
using both single and double shear assemblies. The results led 
the researchers to conclude that the connections showed adequate 
elongation capability and a strength within 15 percent that of 
higher ductility steels. The work also included tests of 40 
specimens that were lapped and joined with fillet welds. 
Longitudinal fillet-welded specimens developed almost full 
tensile coupon strength, and transverse fillet-welded specimens 
developed, on average, about 91 percent of full tensile coupon 
strength. The total elongation in two inches for the steels 
investigated in the Cornell series varied from 4.38 to 6.84 
percent, whereas the value for LSHD steel is typically 10 percent 
or more. Therefore, no special provisions are required for 
connections in members of LSHD steel. 
CONCLUSIONS 
Qualitatively, the observed structural response was 
typical of that for ductile materials, characterized by typical 
local buckling patterns, gradual yielding, gradual descending 
portion of load-deflection curves, and no fracture. The tests 
showed that the Specification provisions for flexural members 
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with regard to effective width, lateral buckling, and nominal 
moment strength based on first yielding are applicable to members 
fabricated from LSHD steel. Further work would be required to 
develop provisions for columns or for inelastic bending. A 
review of the past work on connections in low ductility steels 
showed that connection strength requirements could be met if 
appropriate elongation requirements were met. Therefore, it was 
concluded that the Specification should be amended to permit the 
use of LSHD steel for bending members, except where the bending 
strength is based on inelastic reserve capacity. This could be 
accomplished by changing the ductility requirements so that, in 
lieu of conforming to the ratio of Fu/Fy = 1.08, the following 
criteria are satisfied: (1) local elongation in a 1/2 inch gage 
length across the fracture shall be not less than 20 percent, (2) 
uniform elongation outside the fracture shall not be less than 3 
percent. 
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Table 1.-- Mechanical Properties 
Specimen Type 
(a) Longitudinal Tensile Properties 
Q-Steel: Yield Strength, Fy, ksi 
Tensile Strength, FU, ksi 
Fu/Fy 
Elong. in2 in., % 
Uniform Elong., % 
Local Elong., % 
R-Steel: Yield Strength, Fy, ksi 
Tensile Strength, Fu, ksi 
Fu/Fy 
Elong. in 2 in., % 
Uniform Elong., % 
Local Elong., % 
(b) Longitudinal Compression Properties 
Q-Steel: yield Strength, Fy, ksi 

















(c) Transverse Direction Tensile Properties 
Q-Steel: yield Strength, Fy, ksi 
Tensile Strength, FU, ksi 
FU/Fy 
Uniform Elong., % 
Local Elong., % 
* Armco tests. 



































Table 2.-- Calculated Effectiveness of Sections* 
Section and Property 
(1) 
Stiffened Flange Beam 
be/b 
Sxeff/Sx 







































* Column properties calculated for compression yield strength; 
beam properties calculated for tensile yield strength. 
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Table 3.-- Summary of Correlations 
(a) Effective Width Provisions 
Calculated 
Flange Steel Yield Moment, Test Moment, 
Type Type MF1'C MF1't Mu Mu/MryC Mu/MFyt (1) ~ ( 3 (4 ( 5 ) ( 6 (7) 
Stiff • 0 23.93 26.94 27.4 1.15 1. 02 
Stiff. R 23.03 26.75 25.9 1.12 0.97 
Unstiff. 0 97.01 111.23 116.2 1. 20 1. 04 
(b) Lateral Buckling Provisions 
Calculated 
Flange Steel Cri t. Moment, Test Moment, 
Type Type MrHc McFyt Mu Mu/MyFYC MU/MyFyt (1) ~ (4 ) ( 5 ) (6 (7 
Unstiff • 0 51.43 55.17 72.6 1.41 1. 32 
Unstiff. R 70.06 85.48 83.7 1.19 0.98 
(c) Inelastic Bending Provisions 
Calculated 
Flange Steel Ult. Moment, Test Moment, 
Type Type MYHct MuFyt Mu Mu/MyFYCt Mu/MyFyt (1) ~ (4 ) ( 5) (6 (7 
Stiff. 0 44.5 55.5 51.2 1.15 0.92 
(d) Column Provisions 
Column Steel Calc. Load, Test Load, 
Type Type PF1'C PF1't Pu Pu/PFyc Pu/Pryt (1) ~ (3 (4 ( 5 ) ( 6 ) (7 
Stub 0 78.92 90.33 76.0 0.96 0.84 
Stub R 77.20 91.68 80.2 1.04 0.87 
Interm. 0 62.16 67.69 47.0 0.76 0.69 
Interm. R 59.85 66.15 46.0 0.77 0.70 
Notes: 
Moments are in in.-kips, loads are in kips. 
Subscript Fyt denotes calculated value (yield moment, critical 
moment, ultimate moment, or column load) using the tension yield 
strength for Fy; subscript FyC uses compression yield strength; 
subscript Fyct uses compressIon yield point for compression 
flange and tension yield strength for tension flange. 
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Table 4.-- Supplementary Purlin Tests 
Yield Tensile Test Calc. * 
Purlin Sheet Strength, Strength, Moment, Moment, 
Depth, Thick., Fy, Fu, Mu, Mc, 
in. in. ksi ksi FulFy in.-kip in.-kip MylMC (1) ( 2 ) ( 3 ) ( 4 ) ~ ( 6 ) (7) _8_)_ 
(a) LSHD Steel (1985) 
8.0 0.067 74.40 74.70 1. 004 121 139 0.87 
8.0 0.077 67.33 68.66 1.019 143 153 0.93 
9.5 0.060 72.54 72.54 1. 000 126 135 0.93 
9.5 0.077 61. 09 64.57 1. 057 174 194 0.90 
(b) Traditional Steel (1983) 
9.5 0.067 65.00 82.90 1. 275 127 146 0.87 
9.5 0.066 65.00 81.85 1. 259 128 140 0.91 
9.5 0.062 62.66 85.81 1. 369 123 128 0.96 
9.5 0.062 62.32 83.54 1. 340 122 131 0.94 
9.5 0.074 56.20 79.30 1.411 130 152 0.85 
9.5 0.074 55.45 78.55 1.417 141 148 0.95 
8.0 0.069 62.25 80.60 1.295 110 119 0.93 
8.0 0.068 62.60 80.40 1.284 99 121 0.82 
8.0 0.075 66.55 86.60 1. 301 137 141 0.97 
8.0 0.075 65.50 86.95 1. 327 143 140 1. 02 
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